This article examines the pricing and hedging of mandatory convertible bonds on the US market using daily market prices for a period of 498 trading days resulting in a sample of over 14,600 daily price observations. We explore the pricing and hedging performance based on a simple contingent claims model. On average, the pricing errors are lower than those found for standard convertible bonds. An analysis of the hedging performance of the model indicates that the model is useful for hedging as, on average, the hedging errors observed are relatively small and mostly unsystematic.
Introduction
We study the pricing and hedging of mandatory convertible bonds on the secondary Mandatory convertibles are equity-linked hybrid securities and can be thought of as yieldenhanced equity. Mandatory convertibles pay higher dividends than common stock for a number of years and then mandatorily convert to common stock on a pre-specified date.
These securities are the most equity-like of all convertible securities and, unlike normal convertibles, they provide little downside protection because mandatory convertibles usually have no fixed terminal value. Instead, the security will mandatorily convert into a variable number of shares at maturity. Mandatory convertibles have become popular in recent times: Chemmanur and Nandy [2003] report about $20 billion issued in 2001 implying a market share of approximately 18% of the convertible bond market.
Despite the large size of international and especially US mandatory convertible markets, very little research on the pricing of mandatory convertibles has been undertaken. Previous work includes Arzac [1997] , who discusses the rationale for mandatory convertibles from the point of view of issuers as well as investors. He notes that mandatory convertibles allow highly leveraged (or temporarily troubled) companies to restructure their balance sheet by helping to control for the "asymmetric information" problem. Furthermore, he describes the main features and a straightforward valuation method. Chen at al. [1999] provide an analysis of one (Masco Tech) mandatory convertible for a time period of one year. They use the same valuation method as Arzac [1997] and show that mandatory convertibles are not very sensitive to changes in volatility, risk-free interest rate, and credit spread.
There are also a few articles dealing with the rationale of and the stock market reactions to issuing mandatory convertibles: Huckins [1999] investigates the characteristics of firms issuing such bonds and the announcement effect on stock prices. She finds that companies that issue mandatory convertibles tend to be highly leveraged. She also finds a neutral response of the stock market to announcements and issues of mandatory convertibles and attributes this effect to the mitigation of adverse selection costs compared to equity issues. Chemmanur and Nandy [2003] provide a theoretical model explaining the announcement effect. Furthermore, they also show that, in equilibrium, the company issues straight debt, ordinary convertibles, or equity if the extent of asymmetric information is large, but the probability of being in financial distress is relatively small. It issues mandatory convertibles if the problem of asymmetric information is small but the probability of financial distress is high. Hegde and Krishnan [2003] test predictions of agency and asymmetric information theories to explain why some firms prefer to use mandatory convertibles as opposed to ordinary convertible securities. They find that the stock market reacts less negatively to a mandatory convertible issue than to an ordinary convertible issue.
The paper is organized as follows: In Section 2, we describe the structure and characteristics of a typical mandatory convertible and describe the pricing model. Section 3
gives an overview of the data set and the methodology for the empirical analysis. The empirical results of the pricing study are reported in Section 4. Section 5 examines the hedging performance and Section 6 concludes.
Pricing Model

Description of Mandatory Convertible Bonds
In our study, we analyze the most common mandatory convertible bond structure.
Mandatories pay a coupon, are subject to the full downside risk of the stock, and participate (partially) in the upside potential of the stock. Typically, there is a flat payoff zone between a lower strike price and an upper strike price, where the payoff at maturity is fixed. These securities, referred to by various acronyms such as PIES, DECS, ACES, PRIDES, etc., therefore have characteristics of both common and preferred stock. For simplicity, we call the payoff structure described in this section simply "mandatory convertible" and use this term interchangeably with the acronyms given to these securities by the issuing investment banks.
Typically, a mandatory convertible pays a coupon in percent of the par value that is 5 to 7 percentage points higher than the underlying common stock's dividend yield. The annual coupon is usually paid quarterly. The securities are usually issued with a maturity of 3 to 5 years. At maturity, they are mandatorily converted into common stock. Often, they are call-protected for most or all of their life. A unique characteristic of mandatory convertibles is that the conversion ratio depends on the price of the underlying stock. The payoff (V T ) at maturity (T) is given by:
At maturity, if the stock price has fallen below a lower strike price (X L ), investors usually receive a fixed lower ratio (R L ) of shares. If the stock price is between a lower (X L ) and an upper strike price (X U ), then investors receive stock worth as much as the par value (P),
i.e., the stock price (S T ) is multiplied by the variable ratio ( B R ) between the lower and the upper strike price. This variable ratio ( B R ) is determined by dividing the par value (P) by the stock price at expiration (S T ). If the stock price is above the upper strike (X U ), the investor receives a fixed upper ratio (R U ) of shares. Exhibit 1 illustrates the payoff profile of a mandatory convertible at maturity.
[Exhibit 1]
Note that the lower strike price multiplied by the lower ratio is equal to the upper strike price multiplied by the upper ratio and both are equal to the par value (P) of the mandatory
The conversion ratio at the lower strike price is always higher than the ratio at the upper strike price. Therefore, if the stock increases from the lower strike price, an investor's participation is delayed until the upper strike price is reached. Above the upper strike price, the investor participates at a reduced rate equal to the upper conversion ratio, which is less than 1 (the reverse is true for S T < X L ).
The Pricing Model
Arzac [1997] presents a simple valuation method, decomposing the securities into three basic components that are each readily valued individually: (1) the current value of the underlying common stock; (2) the fixed-income cash flow (present value of the coupon payments minus the present value of the dividend payments of the common stock); and (3) the stock options embedded in the security (R U calls with strike price X U minus R L calls with strike price X L ). Chen at al. [1999] use the same valuation method as Arzac [1997] .
1 Alternatively, the following equivalent decomposition can also be used: (1) a fixed income component with principle P paying the coupons I; (2) minus R L puts with strike price X L ; (3) plus R U calls with strike price X U . For our analysis we use the second decomposition 2 .
The fair value or the (theoretical) model price of the mandatory convertible is the price at which it could be replicated theoretically. In the secondary market, the fair value of the mandatory convertible at time t ( t V ) consists of the following components 3 :
+ value of a call with upper strike price multiplied by the upper ratio ( , 
The present value of the (riskless) par value is defined as 
and the present value of the (risky) coupon payment is defined as , 
The notation is as follows: P = par value of the mandatory convertible t = time of valuation T = maturity of the mandatory convertible 
where S t is the market price of the underlying asset at time t, q t the continuously compounded annual dividend yield at time t, t σ the volatility for the underlying asset at time t, and (.)
φ is the standard normal cumulative distribution function.
In our model, mandatory convertible prices depend on several parameters, namely credit spreads, stock price volatilities, risk-free interest rates and dividend yields. The price impact of those parameters varies greatly. Because mandatory convertibles are essentially yield-enhanced common stock, they are very sensitive to a change in the underlying stock (see Section 5 for an analysis of the hedging performance). Dividend estimations can be critical, because future dividends of the underlying stock are uncertain and the coupon payments of the mandatory convertible are fixed. Due to the offsetting nature of the embedded option spread, a change in volatility has only a minor effect on the mandatory convertible value (see Section 4 for a detailed analysis). Therefore, the impact of the volatility model on model prices is limited. A change in credit spread affects only the present value of the coupon payments and therefore also has a limited impact on prices.
Finally, because mandatory convertibles are akin to stock rather than debt, they are not very sensitive to changes in interest rates.
Data Set and Methodology
Mandatory convertible bonds are not always issued by corporate debtors. There are also "synthetic" bonds created by investment banks in response to investor demand without the corporate's involvement. In those cases, the counterparty is the bank, not the corporate debtor. In this study, however, the counterparties of all mandatory convertibles analyzed are corporate debtors. Most mandatory convertibles (39 out of 40) are American-style, that is, they allow exercise prior to maturity (i.e., settlement with the upper conversion ratio). However, in our sample, the coupon payments exceed the (expected) dividend payments on the common stock;
early exercise is therefore never optimal. As a consequence, the early exercise feature does not have a price impact and therefore the valuation as a European-style security is justified.
Another feature of some mandatory convertibles is that the "settlement price" used to determine the number of shares (conversion ratio) to be received for each mandatory convertible is the average closing price during a (generally small) number of pre-specified trading days immediately prior to maturity. This feature is similar to Asian options, where the value depends on the value of the asset not at expiration, but rather on the average value of a specified time period. The effect of averaging is to reduce the volatility of the option. When the averaging period is large in relation to the maturity of the option, the values of Asian options are significantly lower than those of the corresponding European options. In the case of mandatory convertibles, the averaging effect is small because the averaging periods are very short, and it is therefore neglected. further average characteristics of our sample. The average time to maturity is about two years (average maturities over all data points), the average four-year historical volatility is 43%, the average dividend yield of the underlying shares is 2.0%, the average credit spread is 203 bps and the average moneyness 6 is 1.02 (i.e., the average security is slightly 'in-themoney', i.e., the stock price is slightly above the upper strike price).
[Exhibit 2] [Exhibit 3]
For each of the mandatory convertibles, our database provides daily price quotes ( , 2, … , N l where N l ≤ 498 denotes the number of records for the l-th bond and L = 40). To look at the relative price differences between market prices ( ,
and model prices ( ,
), pricing errors (E l,t ) at time t in percent for a mandatory convertible bond l are defined as:
The model price ( ,
) of the mandatory convertible l is obtained using Equation (2) at time t. For each mandatory convertible, we calculate the mean pricing error (arithmetic mean) of each security, defined as:
If the pricing errors in Equation (7) are positive, model prices tend to underestimate market prices and if they are negative, model prices tend to overestimate market prices.
Furthermore, for each mandatory convertible bond we calculate the root mean squared error (RMSE), defined as:
The Pricing of Mandatory Convertible Bonds
Overview
The observed mandatory convertible prices on the US market are compared with theoretical prices obtained by the pricing model proposed in Section 2. Exhibit 4 shows an overview of pricing errors for all securities in the sample. The table provides the mean percentage pricing errors l E , the root mean squared error (RMSE l ), the mean absolute error (MAE l ) and the standard deviation (σ E,l ) of the pricing errors for each issue l. A negative value of the mean pricing error indicates an observed underpricing, i.e., the observed market price is below the theoretical value. In other words, the pricing model overprices the market. The mean over all mandatory convertibles in Exhibit 4 is defined as the average parameter of all 40 securities (e.g., the equally-weighted mean of the mean pricing error for each bond), whereas the results for the mean over all data points are calculated over the entire sample of data points, weighting each of the 14,612 data points equally.
Exhibit 4 shows the results of the pricing study. The mean RMSE is 3.58%, the mean standard deviation 2.34%. On average, the mandatory convertibles are slightly overpriced by 0.27% (i.e., the pricing model underestimates market prices). Although not negligible, the pricing errors are smaller than those reported in similar studies on standard U.S.
convertible bonds. 7 Further below, we will analyze these results in two respects: first, we explore the possible driving factors of the pricing errors and, second (in Section 5), we analyze the hedging performance of the valuation model.
[Exhibit 4]
Exhibit 5 shows the frequency distribution of the pricing errors for the whole sample of 14,612 data points. 42% of the pricing errors are positive; i.e., the market price is above the model price. The vast majority of values for E l,t are concentrated around zero, whereas the distribution has a mean of 0.33% and a median of -0.65% with a standard deviation of 4.45%.
[Exhibit 5]
In Exhibit 6 pricing errors are shown for a changing rolling volatility estimation window ranging from 0.25 to 5 years. The pricing error distributions are very similar and indicate that the results are robust with respect to the changing volatility window used in the analysis. Tests for differences in the mean show that mean pricing errors are not statistically different from each other.
[Exhibit 6]
Analysis of Pricing Errors
This sub-section explores the driving factors for the pricing errors. First, we show a breakdown of the pricing error by moneyness of the option and second, pricing errors are regressed against the factors that enter the valuation model.
We define the moneyness ( ,
The univariate relationship between the moneyness ( , The pricing formula in Equation (2) is mainly sensitive to the current stock price, the coupon payments, and the expected dividend payments if the mandatory convertible is 'deep out-of-the-money' or 'deep in-the-money'. The only uncertain cash flow is the expected dividend payment. If investors expected higher dividend yields in the future than the current yield (i.e., the model input), market prices would be lower than model prices (see Equation (2)). Thus, for 'deep in-the-money' securities (i.e., stock prices have risen in the past), investors perhaps expect higher dividend yields in the future. Reversely, the same argument could be made for mean market prices above mean model prices (positive mean pricing errors). Alternatively, the pricing error pattern might also be attributable to the smile effect 8 .
The high RMSE and standard deviation for out-of-the-money bonds may be an indication that future dividends are more uncertain if the underlying common stock has performed poorly. The increased RMSE for deep-out-of-the-money bonds can perhaps also be attributed to a lack of liquidity for these bonds. However, the insight from such a univariate analysis is limited because of the relatively small sample size and the multicollinearity among the explanatory factors.
[Exhibit 7] [Exhibit 8]
To analyze whether pricing errors are systematic with respect to the input parameters, they are jointly regressed against the dividend yield (q), the annual coupon (I), the moneyness (M), the maturity (ΔT), the credit spread (cs) and the volatility (σ). The regression is specified as follows: Correlation analysis shows that the dividend yield, the coupon, the volatility and the credit spread are rather highly correlated. Due to these correlations, we run the regressions in Equation (10) excluding the highly correlated regressors. The estimated standard errors are adjusted for autocorrelation and heteroskedasticity according to Newey and West [1987] .
They develop a variance-covariance estimator that is consistent in the presence of both heteroskedasticity and autocorrelation. The truncation lag parameter represents the number of autocorrelations used in evaluating the dynamics of the OLS residuals and is set following the suggestion of Newey and West [1987] 9 . The results of the regressions are given in Exhibit 9.
[Exhibit 9]
Regressions (1) to (6) higher dividend yields on their common stock issue mandatory convertibles with higher coupon payments. In our sample, the mean "income advantage" (coupon payments in percent minus dividend yield in percent) is about 5.4% for the whole sample with a small standard deviation of 1.4%. Therefore, firms with high dividends tend to issue mandatory convertibles with high coupons to achieve a sufficient level of income advantage for the bond. So, the dividend yield and coupon effect can be attributed to the same pricing error source. In regression (3), the moneyness coefficient is significantly negative, showing that pricing errors decrease if the securities move in-the-money. This analysis supports the findings above (Exhibit 7), where in-the-money or deep in-the-money securities had a strong stock price appreciation in the past and therefore dividend payments are perhaps expected to increase. Regression (4) shows a significantly negative maturity coefficient (α 4 =-0.017), implying a pricing errors decrease for larger maturities (an increase of the maturity of one year results in a decrease of 1.7% of the pricing error). Because we use a continuously compounded dividend yield instead of discrete dividend payments in the valuation model, short maturities tend to overestimate the dividend payments (the overestimation increases if the period between last dividend payment date and the maturity increases). In regression (5), the coefficient for the credit spread is significantly negative.
As we have explained in Section 2, the influence of the credit spread on mandatory convertible pricing is fairly small because, other than for traditional convertibles, only the coupon payments need to be discounted by the credit spread-adjusted interest rate. Due to the negative correlation between credit spreads and dividend yields, this result is an indication that the credit spread coefficient might have the same error source as the dividend yield coefficient. In our sample, mandatory convertibles with higher dividends tend to have better credit ratings and therefore lower credit spreads. Finally, regression (6) confirms the results of the previous section that the volatility is not a source of systematic pricing errors.
The multivariate regressions (7) to (10) in Exhibit 9 show that the coefficients remain similar and that the statistical significance does not change, confirming the results of the univariate analysis in regression (1) to (6). All coefficients, except α 6 for the volatility, are significant at the 1%-level. However, the full model in Equation (10) can be further increased in regressions (7) to (10) by using non-correlated regressors, increasing the adj. R 2 substantially. Regression (10) has the highest adj. R 2 of about 23%, combining the dividend yield, the moneyness and the maturity of the mandatory convertibles.
The Hedging of Mandatory Convertible Bonds
In practice, hedging and understanding and managing the risk exposure of mandatory 
Hedging performance is measured by mean percentage hedging error, root mean squared error (RMSE) and mean absolute error. Exhibit 10 presents the hedging overview for all securities. Overall, delta hedges based on the hedge of the market price position (
show a RMSE of about 1.14%. The mean percentage hedging error is -0.01% and not significantly different from zero. Furthermore, none of the mean percentage hedging errors of the individual securities is significantly different from zero.
[Exhibit 10]
Next, we analyze the following three issues: (1) we compare the actual market hedge shown above with a hypothetical delta hedge against the model ( 
Exhibits Exhibit 1
Payoff of a mandatory convertible at maturity
The payoff profile of a mandatory convertible at maturity T. X L and X U denote the lower and upper strike price, R L and R U the lower and upper conversion ratio (R L >R U ) and P denotes the par value of the security. 
Exhibit 2 Characteristics of mandatory convertible bonds
This exhibit provides the basic characteristics of the mandatory convertibles in our sample. Maturity is the due date of the security. The annual coupon is the percentage of the par value paid per year. The par value is the lower strike multiplied by the lower ratio or the upper strike multiplied by the upper ratio. The upper ratio and the lower ratio are the conversion ratios that specify the number of shares the mandatory convertible is converted into depending on the final stock price. The upper and lower strike prices determine the offsetting option spread and the characteristic payoff profile of the mandatory convertibles. 
Exhibit 3
Overview of average input parameters for the pricing model
This exhibit provides some characteristics of our sample within the observed time window. The average time to maturity indicates where the securities are within their life cycle. The average 4-year historical volatility describes the standard deviation of the continuously compounded returns of the underlying shares. The average dividend yield describes the average dividend divided by current stock price. Moody's median bond spread data gives the credit spreads. The moneyness is defined as following: moneyness = 1, i.e., the current stock price is between the lower and the upper strike price; moneyness < 1, i.e., the current stock price is below the lower strike price; moneyness > 1, i.e., the current stock price is above the upper strike price. Distribution of pricing errors for 14,612 data points of the whole sample. The distribution is right-skewed with a skew of 1.80 and leptokurtic with a kurtosis of 8.02.
Exhibit 6
Robustness of the model with respect to volatility This exhibit shows pricing statistics for different rolling window lengths used for volatility estimation. As can be seen, the estimation window has a very limited impact on pricing errors. * denotes significance level of 1%. Std. Dev. denotes the standard deviation of the pricing errors. 
Exhibit 12
Analysis of the hedging errors: hedge against the market with a rebalancing period of one trading day Endnotes 1 They also adjust for dilution in their valuation model. However, dilution in share prices should be considered when mandatory convertibles are issued only. Afterwards, the dilution in shares of the issuing company is already anticipated and the effects have already been accounted for in the current common stock price. Therefore, valuing mandatory convertibles after the primary issue does not require an adjustment for dilution.
2 As an alternative to the simple component model used in this paper, a multi-dimensional lattice model within a framework such as the one proposed by Das and Sundaram [2004] could be used. Such a model would provide more flexibility and allows for modeling correlation between different risk factors. However, the choice of the component model, where the components are valued by a standard option pricing model, seems justified because of the simple structure of the mandatory convertible bonds analyzed in this study. For example, a credit model only affects the value of the stream of coupon payments, but not the basic mandatory structure itself. As a consequence, a correlation model for equity, interest rates, and credit spreads is likely to have a very limited price impact.
